INTRODUCTION THE EXPERIMENTS of Muller
and others demonstrated that stimulation of the central end of a severed ventral spinal root does not result in the production of muscular movements; that is to say, an antidromic volley of impulses in a group of motor axons does not result in the discharge of other motoneurons.
However, such antidromic volleys are not without effect on the spinal cord. It is well known that they condition reflex discharges of the attached motoneurons (9, 10, 13). Three additional phenomena have recently been demonstrated:
(i) the retrograde axonal impulses spread over the somas of the attached motoneurons, producing action currents (16, 17, 21); (ii) centripetal impulses are then set up, after a brief latency, in a fraction of the stimulated motoneurons (20) ; and (iii) tested two-neuron arc reflex discharges into groups of motor axons other than those occupied by the antidromic volley are conditioned, i.e., facilitated or inhibited as the case may be (20) .
The discovery of the latter phenomenon has prompted a search for evidences of neural activity in the cord during the period subsequent to the arrival of a volley of impulses travelling centripetally in axons of ventral roots. Recordings made with micro-electrodes have now revealed relatively prolonged bursts of action potentials, which are believed to originate in interneurons of the ventral horn. Although this activity has not been exhaustively investigated, information concerning it is presented at this time because of its possible importance in the economy of the ventral gray matter and, more particularly, because the pattern of discharge of the individual neurons is sufficiently unusual to be of general interest.
METHODS
The experiments were carried out on cats and rabbits that had been either decerebrated or lightly narcotized with pentobarbital sodium ("Nembutal"). After a laminectomy had been performed and the necessary spinal roots cut, the cord was covered with a layer of paraffin oil. Centripetal volleys were initiated in groups of motor axons either by stimulation of ventral roots which had been severed as they passed through the dura mater or by stimulation of the central ends of cut peripheral motor nerves. In the latter case it was necessary to sever ipsilateral dorsal roots to prevent entrance into the cord of impulses in sensory fibers of the stimulated nerve. shock. Inasmuch as the root had been severed intradurally at a point distal to the stimulating electrodes, there was no possibility that impulses in fibers entering the cord via the dorsal roots were initiated either directly or indirectly. The oscillogram shows the potential changes which arose between a micro-electrode in the ipsilateral L7 ventral horn and a second electrode placed at a distant (indifferent) point on the preparation.
It is seen that the centripetal volley evoked a burst of action potentials which persisted, in progressively decreasing numbers, for about 50 msec. Similar activity in the ventral horn of the Le or L7 segments may be evoked by stimulation in the hind limb of peripherally severed motor nerves (e.g., the sciatic, hamstring, and crural nerves), even when the cord has been transected at the upper lumbar and midsacral levels and all intervening ipsilateral dorsal roots severed intradurally.
In all cases the action potentials have been recorded only from the ipsilateral ventral horn at and near the level of entry of the stimulated ventral root. Similar activity has not been observed in other parts of the spinal cord and brain stem.
It may be noted that the positions of the recording micro-electrodes in the cord have not been confirmed in histological sections. However, the assertion that the responding units in question are located in the ventral horn is not based merely on the fact that their action potentials may be recorded only when an electrode is advanced an appropriate distance ventrad of the dorsal surface of the cord. The simultaneous recording: at these posi- tions of large action potentials due to the antidromically stimulated motoneural somas adds convincing evidence of the location of the electrode within the ventral horn (see below).
2. Identification of the act& neurons. Careful insertion of small microelectrodes into the ventral horn makes it possible to record in effective isolation the action potentials of single units which participate in the discharges illustrated by Fig. 1 . Figure 2al shows the action potentials of such a unit in the ventral horn of a rabbit. The artefact signalled the delivery of an alpha-strength shock to the deafferented hamstring nerve. The approach of BIRDSEY RENSHAW the centripetal volley in the motor axons was heralded by the initial positive (downward) deflection, and its arrival at the motoneuronal somas by the major negative deflection (cf. 16,17,21).
There followed a series of about 15 action potentials (spikes) which appeared in a regular sequence of progressively declining frequency.
There can be no reasonable doubt that such series of action potentials represent the repetitive discharges of single neurons located in the ventral h&n. The successive action potentials in a series are relatively constant in size and shape; they succeed each other in a regular series; and the individual spikes are of brief duration and small size (i.e., ca. 100-200 pv.). Furthermore, any particular series can be recorded only from a very restricted region within the ventral horn. In the illustrative experiment from which Fig. 2 is derived, an antidromic hamstring volley-the ipsilateral dorsal roots had been severed-caused a neuron in the ventral horn to discharge about 15 times (records a). When the micro-electrode was inserted only 0.15 mm. (i.e., 150 micra) deeper, as is shown in records c, the discharges of the neuron were no longer apparent at the amplification employed but the action potentials of a second neuron, which discharged 4-5 times, were recorded. At a position intermediate between the two points (records b), small potential changes indicated the activity of both neurons and perhaps of others as well.
Current concepts suggest that the repetitive action potentials may be related to the somas of neurons, and offer three more or less plausible alternative explanations for their origin. They might be: (i) a series of impulses originating in some unknown manner at the peripheral cut end of the central stump of the stimulated motor nerve and travelling antidromically over ventral root axons into the attached motoneuronal somas; (ii) the action potentials of motoneurons discharged repetitively as a sequel to the arrival at the cord of the single antidromic volley in the axons of the same or other motoneurons; or (iii) the action potentials of interneurons discharged in the ventral horn as a consequence of the antidromic volley and its central sequelae.
Explanation (i) is rendered implausible by the fact that, in contrast with the potential changes produced by the antidromically stimulated pool of motoneurons, the negative phase of each repetitive action potential usually is not preceded by a positive deflection such as must herald the approach of an impulse from a distance. Moreover, inasmuch as the neurons frequently can be fired by the stimulation of any one of two or more peripheral motor nerves (see assumption below), adoption of explanation (i) would entail the subsidiary that at least some of the hypothetical motoneurons must send branches of their axons into each of the different peripheral nerves.
Evidence which casts doubt on explanation (ii) is also available. No known discharges of motoneurons occur at the high frequencies which characterize the units under consideration (cf. 3, 4, 19). Moreover, careful search has failed to reveal that centripetal impulses in a group of ventral root axons evoke centrifugal impulses in neighboring motor axons, and the few centrifugal impulses which do appear in the axons of a small percentage of a group of antidromically-stimulated motoneurons emerge from the cord after a central latency of only about O.&l+ msec. (20). The ventral horn activity under consideration, however, typically persists for 30-50 msec. after the arrival of the antidromic volley. Finally, assumption that the action potentials represent the repetitive discharges of a fraction of the sanze motoneurons which are occupied by the conditioning volley would also require the subsidiary postulate mentioned above in the discussion of explanation (i). Thus exclusion of explanations (i) and (ii), and of additional less plausible possibilities, permits the provisional assignment of the action potentials to repetitively discharging interneurons located in the ventral horn. This interpretation will be assumed in what follows. Anatomical studies (cf. 7) do in fact reveal the existence of numerous, relatively small interneurons of several types scattered through the ventral horn. It would be premature to attempt-to identify the interneurons activated by an antidromic motor volley with one or more of the specific types described by anatomists. However, it may be noted that the neurons now under discussion appear to occur in various parts of the ipsilateral ventral horn, and that no evidences of spike activity in the contralateral ventral horn, or change in the thresholds of contralaterally located motoneurons, have been observed. Nor has success attended initial attempts to find, subsequent to an antidromic motor volley, impulses in Gower's tract-an experiment prompted by the possibility that the activated interneurons might include the "border cells" of Cooper and Sherrington (8). 3. Regulation of the discharges of the neurons. a. Effect of the size of an antidromic volley. As the size of an antidromic volley is increased, a ventral horn interneuron typically responds with an increasing number of discharges (action potentials) at increasing frequencies, and the latency of the first impulse progressively decreases. The illustrative records of Fig. 3 , taken at two sweep speeds, show the responses of such an interneuron to centripetal volleys of increasing size (records a to g) in the deafferented sciatic nerve of a rabbit. As is shown in record g, and also in Figs. 2a and 4~1, large (maximal) antidromic volleys may be followed by a series of as many as lo-15 or more discharges during a period of ca. 30 msec. The intervals at which the action potentials succeed one another increase progressively along a course which is approximately logarithmic except at the beginning of the discharges of highest frequency; in such cases (e.g., Fig.  3gJ the intervals between the first few action potentials remain nearly constant at a minimum of ca. 0.6-0.7 msec. (i.e., the frequency is ca. 1500 per SW.). This observation demonstrates that the absolute refractory period of the interneurons is no longer than 0.6-0.7 msec, Apparently the intensity of the stimulation is often so great that the frequency of discharge is determined by the rapid change in excitability which presumably characterizes the earliest part of the relative refractory period. potential set up by a maximal antidromic motor volley proves to be 0.6-0.7 msec.---.a duration equal to that of a single synaptic delay (14, 16). In no instances have impulses been observed to arise after significantly shorter latencies.
In the experiment illustrated by Fig. 3 , as the centripetal volley was made progressively smaller, the latency of the first interneuronal action potential increased gradually by more than a millisecond (compare records b2 and gz).
Only a part of the increased latency may reasonably be assigned to an increased delay in the time of arrival at the ventral horn of the small volley of antidromic impulses set up in the motor axons by the weaker shock.
b. Conditioning by ventral root volleys. Impulses in many ventral root axons regulate the discharges of individual interneurons of the type under discussion (cf. Fig. 3 use of centripetal volleys in two different deafferented nerves. The records of column I of Fig. 4 reveal summation. Record al shows the effect of stimulation of the sciatic (peroneal and tibial) motor fibers; record bl shows the response to stimulation of the deafferented hamstring nerve. Combination of both centripetal motor volleys (record cl) resulted in more discharges of the neuron in question than were produced by either volley in isolation. Inhibition is illustrated by the records of column II. The neuron near the micro-electrode did not discharge subsequent to the arrival at the cord of a centripetal volley in one branch of the deafferented hamstring nerve (record BIRDSEY RENSHAW a2>. It responded 9 times following an antidromic volley in another branch of the hamstring nerve (record b2). As shown in record c2, simultaneous stimulation of the motor fibers of both branches was followed by only five discharges.
The use of two successive centripetal motor volleys demonstrates that the internuncial system is conditioned by antecedent activity. Records a-c of Fig. 5 reveal a reduction in the duration of the period of interneuronal discharge following the second of two successive antidromic motor volleys. Records d-f reveal in addition a reduction in the initial frequencies of the discharge consequent upon the second of two such volleys. Thus the frequencies at which the action potentials succeed each other, the number of action potentials, and the duration of the period of discharge are all diminished as a consequence of preceding activity. In both experiments the ipsilateral dorsal roots had been severed.
Conditioning by dorsal root volleys. Ventral horn interneurons which discharge repetitively as a sequel to large antidromic volleys frequently are not thrown into activity by dorsal root volleys, at least when the latter suffice to initiate discharges of relatively few motoneurons (cf. Fig. 6 ). In other instances, however, a dorsal root volley is followed by discharges of neurons in the ventral horn (Fig. '7; cf. also 12); in some cases some of these neurons apparently are identical with interneurons fired by an antidromic motor volley.
In several experiments the central effects of a dorsal root volley did not significantly alter the pattern of the interneuronal discharge which followed an antidromic volley arriving at the cord IO-20 msec, subsequently ( BIRDSEY RENSHAW on the interneuronal discharge even though it significantly altered the response of the motoneuronal somas to the antidromic volley (cf. 21). In one experiment (cf. Fig. 7 b and c) a conditioning dorsal root volley preceding an antidromic volley by 4-5 msec. did alter the pattern of the interneuronal discharge consequent upon the antidromic volley; the significant feature of the conditioning was the introduction of a &lent period during the early part of the interneuronal discharge. 4. Evaluation of the possible role of injury. It is important to ask whether injury caused by the introduction into the cord of the recording microelectrode is a factor determining or influencing the character of the interneuronal discharges consequent upon an antidromic volley in ventral root fibers. The possible participation of injury has not been emphasized in other instances in which discharges of single neurons in the spinal cord have been carefully studied and found to be in accord with physiological inferences based on antomical knowledge (11, 12). The possibility of a role of injury in the case of the activity described in this paper comes more prominently to mind, however, principally because of the strikingly high frequencies at which the units discharge.
The following observations supply evidence that the discharges are not dependent upon injury. (i) The pattern of the discharges of an interneuron that is thrown into repetitive activity by an antidromic motor volley frequently remains unaltered during prolonged periods of time beginning shortly after the insertion of the recording micro-electrode, whereas spontaneous high-frequency and other discharges known to be due to injury usually change rapidly with the passage of time (cf. 1, 5, 23). The constancy of the pattern of discharge of an interneuron is illustrated by the records of Fig. 2 . The records of column I were taken shortly after the insertion of a recording micro-electrode into the cord, those of column II forty minutes later. It is seen that no significant change had occurred during this interval.
Other unitary discharges have been observed with similar results for considerably longer periods of time.
(ii) As a micro-electrode is inserted progressively deeper into the ventral horn, the pattern of the discharges of an interneuron at the fist position at which it is observable is the same as at positions slightly deeper (i.e., more ventral) within the gray matter, even though the size of the recorded action potentials may be considerably larger at one of the latter positions. (iii) As stated above, the minimum latency for the tit of the intemeuronal action potentials which follow an antidromic motor volley is 0.6-0.7 msec. -the duration of a single synaptic delay-whereas significantly shorter latencies are known to characterize cross-excitation in injured axons (23). (iv) The recorded action potentials usually have a brief but prominent negative phase, whereas records of impulses approaching admittedly injured regions of axons in volume conductors are recorded as relatively prolonged positive deflections (24). 
DISCUSSION
Two points concerning the repetitive action potentials which have been described above and tentatively attributed to interneurons in the ventral horn invite discussion. These are (i) the possible role of the activity in the normal functioning of the spinal cord, and (ii) the significance of the high frequency and general pattern of the discharges.
At the outset it may be stated that the processes initiating the excitation of the inter-neurons must depend on one or both of the following events: (i) the arrival of impulses at the terminal knobs of the recurrent collaterals with which some motoneurons are supplied (cf. 7) or of hypothetical afferent fibers in the ventral roots; or (ii) the setting up of environmental changes by the activity of the antidromically stimulated motoneuronal somas. Explanation in terms of (i) must remain speculative in the absence of exact knowledge concerning the terminations of the recurrent collaterals of the motoneurons. The alternative mechanism (ii), which would not depend on specific fiber connections, comes to mind because of lack of information concerning the recurrent collaterals (sometimes stated to be few in number), and because of the large action currents produced by impulses in the motoneuronal somas. The significant question is whether these currents, as well as chemical diffusion gradients which might be set up in time to affect the interneurons during at least the later part of their period of discharge, are sufficiently large to exert quantitatively important effects on the excitability of the near-by interneurons.
There is no definitive evidence that this is the case in the ventral horn, any more than in other neuronal systems. On the other hand, because the micro-electrodes are known to record action currents in a highly localized way, the absence of significant electrical changes due to motoneurons in Fig. 3b does not constitute definitive evidence against this possibility; nor, for the same and additional reasons, does the absence of changes in the interneuronal discharge with change cal field due to impulses in the motoneuronal somas (Fig. 6 ).
in the electriIn axons any event, centrifugal as well as centripetal impulses in the motor would be expected to invade the recurrent collaterals, and Lorente de No (16, 17) has demonstrated that the electrical responses of motoneuronal somas to antidromic and to synaptic stimulation are essentially identical. It is, therefore, reasonable to extend the present findings to motoneurons stimulated synaptically.
Thus, the internuncial system in the ventral horn may act as a significant correlating system, each interneuron being affected by the discharges of many motoneurons (and perhaps of other neurons), and being facilitated or inhibited according to the population of active motor cells. It does, to be sure, seem probable that the virtually simultaneous excitation of the majority of the motoneurons sendin .g axons into any motor nerve would occur but rarely in normal . life, and one would anticipate that physiologically evoked myotactic and other reflexes would . initiate interneuronal responses more like records f and g of that figure. those shown records b-e of Fig. 3 
than in BIRDSEY RENSHAW
One possible role of the interneurons is suggested by a formal similarity which exists between the temporal courses of (i) the frequency of the interneuronal action potentials appearing in the ventral hornas a -sequel to an antidromic volley (cf. Figs. 1 and 2) , and (ii) the degree to which the twoneuron arc discharge of a pool of motoneurons is inhibited by an antecedent antidromic volley in the axons of adjacent pools of motoneurons (cf. 20, Fig. 5 ). However, although it was in fact the discovery of (ii) which led to the successful search for the interneuronal activity described in this paper, it is not yet known whether the two phenomena are causally related. As in other instances, a decision must await upon as yet unavailable neuroanatomical knowledge.
The most striking feature of the interneuronal activity described above is that a single volley of centripetal motor impulses is capable of causing the individual interneurons to respond in such a regular pattern with so many impulses, and at frequencies as high as 1500 per sec. (cf. Figs. 2, 3, and 4).
Even centripetal volleys involving but a small fraction of the motor axons of a peripheral nerve evoke repetitive unitary discharges recurring at intervals of 1 msec. or less (cf. Fig. 3d and e). Motoneurons (3, 4, 19) and some types of spinal interneurons (11, 12) ordinarily do not discharge at such high frequencies. On the other hand, there is evidence that sufficiently powerful synaptically-delivered stimuli can discharge these types of cells at very high frequencies. Lorente de Nb (15) has demonstrated that motoneurons can discharge successive impulses at an interval of 0.6 msec., thereby establishing an upper limit for the absolutely refractory period; and Lloyd (12, Fig. 7 ) has depicted an interneuron of the dorsal horn which responded to a single large dorsal root volley with a series of 8 action potentials appearing at a frequency of ca. 700 per sec. Moreover, there have been reported instances in which single cortical units, responding to stimuli presumably physiological in nature, have exhibited repetitive, high frequency action potentials, similar to those here described but normally involving somewhat lower frequencies (i.e., 700-1000 per sec.) and a total of only 3-5 impulses (2,6,22). In the case of pyramidal units, Adrian and Moruzzi found more prolonged discharges of higher frequency (i.e., up to 50 impulses at maximal rates of ca. 1500 per sec.) under abnormal conditions, as for example when strychnine or electrical stimuli were directly applied to the cortex. In the case of the spinal interneurons under discussion these abnormal conditions were not present. Qne cannot, however, rigorously exclude the possibility that the cells may have been rendered to some extent abnormal as a result of the insertion nearby of the recording micro-electrode.
There is considerable evidence (see above) that the discharges do not depend on injury, but final proof that their character is entirely independent of it would require some such experiment as the recording of similar patterns of impulses in the axons of the cells at a distance from the somatic regions in the ventral gray matter where the impulses are initiated.
In summary, it would seem possible that certain types of interneurons http://jn.physiology.org/ Downloaded from discharge in the pattern described above for interneurons of the ventral horn. In any event, it is of considerable interest to find in the spinal cord a type of neural unit which, in the absence of a convulsant drug or directly applied electrical stimuli, can respond to a single incoming volley of impulses with a regular sequence of action potentials at frequencies initially as high as 1500 per sec. (cf. Fig. 2 ).
SUMMARY

Centripetal
volleys of impulses which enter the spinal cord over alpha fibers of ventral (motor) roots in cats and rabbits evoke ventral horn action potentials (spikes) which persist, in in the ipsilateral progressively decreasing numbers, for 30-50 msec. The action potentials do not represent repetitive centripetal discharges from the periphery, and no comparable centrifugal impulses in motor axons have been detected. It is, therefore, inferred that they represent the activity of interneurons located in the ventral horn. The available evidence suggests that the discharges are not injury effects associated with the presence of the recording micro-electrode.
Impulses in many motor axons regulate the discharges. In general, as the size of an antidromic volley is increased, individual neurons respond with an increasing number of spikes at increasing frequencies and decreasing latencies. The first action potential has a minimum latency, measured from the time of arrival of the centripetal volley at the somas of the motoneurons, of 0.7 msec. The first two or three action potentials are sometimes spaced at intervals as short as 0.6-0.7 msec., i.e., the frequency is about 1500 per second spaced
The succeeding impulses, which may total as in a regular pattern at progressively increasing are many as fifteen, intervals. A neuron's discharge to a centripetal volley in one deafferented motor nerve can be conditioned (augmented or decreased) by simultaneous or preceding volleys in a second deafferented motor nerve. The neurons frequently are not discharged by dorsal root volleys sufficing to activate relatively few motoneurons; in other instances the same neuron can be thrown into activity by either an antidromic motor volley or a dorsal root volley.
It is reasonable to extrapolate the present findings to instances in which motoneurons are synaptically rather than antidrornically stimulated. Thus the internuncial system in the ventral horn may act as a significant correlating system. Attention is directed to the regular pattern of discharge at surprisingly high initial frequencies, and it is suggested that some types of interneurons may normally exhibit this type of activity.
